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The temperature dependence of the optical conductivity spectrum of an itinerant ferromag- 
netic material, ZrZn2, was obtained and the dynamical effective mass and the scattering rate 
were derived. A renormalized Drude peak with a heavy effective mass developed at low temper- 
atures. The effective mass rapidly increased below hu = 10 meV and at 10 K it was observed to 
be 3 times heavier than that at 300 K. The scattering rate also rapidly decreased below 10 meV 
at 10 K. These results indicate the creation of heavy quasiparticles at low temperatures due to 
spin fluctuations. 
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1. Introduction 

In recent years, some transition metal compounds that 
exhibit heavy-fermion-like behavior have attracted atten- 
tion because of the associated interesting physical prop- 
erties, such as superconductivity, that appear due to 
the strong electron correlation. 1 One of these materials, 
ZrZn2, is known as an itinerant ferromagnetic material 
(Tc = 28 K) with a tiny magnetic moment (~ 0.17 /ib) in 
spite of consisting of only non-magnetic elements. 2 Ex- 
tensive research into this phenomenon has revealed that 
this ferromagnetism originates from the spin fluctuations 
of the Zr Ad electrons. 3 Recently, this compound was dis- 
covered to process both superconductivity (T c — 0.29 K) 
and ferromagnetism. 4 At low temperatures, heavy quasi- 
particles [m* ~ 4.9mo) were observed through a de Haas- 
van Alphen (dHvA) experiment. 5 The superconductiv- 
ity of this compound is believed to originate from the 
strong electron correlation. In other words, the spin fluc- 
tuations of the Zr Ad electrons are predicted to affect 
the heavy quasiparticles such that they exhibit super- 
conductivity. The coexistence of superconductivity and 
ferromagnetism is commonly observed in heavy fermion 
materials such as UGe2 and URhGe. 6 The same heavy 
fermion scenario in which the localized / electrons hy- 
bridize with carriers is expected to influence the physical 
properties of ZrZn2. 

The superconductivity of / electron systems appears 
around the quantum critical point (QCP) of the bound- 
ary between the local and itinerant regimes. 7 Near the 
QCP, the electrical resistivity is not proportional to T 2 , 
which indicates a Fermi liquid. In the case of ZrZn2, the 
electrical resistivity near Tc, which is proportional to 
T 5 / 3 , 8 ' 9 suggests that ZrZn 2 is located near the QCP. 10 
In a typical non-Fermi liquid heavy fermion material 
YbRli2Si2, non- Fermi liquid behavior has been revealed 
to be related to the strong spin fluctuation by elec- 
tron spin resonance and nuclear spin resonance exper- 
iments. 11,12 In the same temperature range, the scatter- 
ing rate in the optical conductivity [cr(w)] spectrum of 
YbRh 2 Si2 is proportional to the photon energy, which 



is evidence of a non- Fermi liquid. 13 The photon-energy- 
dependent scattering rate and mass enhancement must 
appear in the <j{oj) spectrum if the electron correla- 
tion plays an important role in determining the physical 
properties at low temperatures. According to the self- 
consistent renormalization (SCR) theory that explains 
itinerant ferromagnetism, the spin fluctuation effect ap- 
pears not only in the magnetic properties but also in 
the transport properties, including the <j{uj). 1a There- 
fore, obtaining the cr(u>) spectrum provides important 
information in understanding the origin of heavy quasi- 
particles. 

In this paper, the effect of the spin fluctuations on the 
<j(u>) of ZrZn2 derived from the reflectivity spectra is re- 
ported. Up to now, optical measurements of this material 
have been performed only in the narrow photon energy 
range of 0.6 - 3.8 eV. 15 In this energy range, absorption 
due to interband transitions is mainly observed. No in- 
formation regarding heavy quasiparticles can be obtained 
in this range. Therefore reflectivity [-R(w)] spectra were 
then obtained over the wide energy range of 2 meV - 
30 eV at different temperatures from 10 to 300 K. The 
temperature dependence of the <j(u>) spectrum was then 
obtained via the Kramers-Kronig analysis of the R(u>) 
spectra. The effects of the spin fluctuations on the <j{u>) 
spectra and their relationship to heavy fermions are dis- 
cussed. 

2. Experimental and Band Calculation Methods 

The optical measurements were performed using a sin- 
gle ZrZn2 crystal prepared by a slow cooling method 16 
in a tungsten bomb with Zr(37V) and Zn(6iV) as starting 
materials. 1 The near-normal incident optical R(u>) spec- 
tra of ZrZn2 were acquired from well polished samples 
attained using 0.3 /im grain-size diamond wrapping film 
sheets. Martin-Puplett and Michelson type rapid-scan 
Fourier spectrometers were used at photon energies (tuS) 
of 2 - 30 meV and 10 meV - 1.5 eV, respectively, at sample 
temperatures between 10 - 300 K. To obtain the abso- 
lute R(oj) spectra, reference spectra of the sample evap- 
orated with gold in situ were then measured. The cr(u)) 
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Fig. 2. (Color online) The calculated density of states (DOS) of 
ZrZn2. The Zr d partial DOS is also plotted. The inset is the 
detail in the energy range of -1.0 - 1.0 eV. 



Fig. 1. (Color online) The reflectivity spectra subtracted from 
unity [1 — R(w)] in the photon energy range of 2 meV - 1 eV for 
different temperatures in the range of 10 — 300 K. The dashed 
line indicates the Hagen-Rubens function [1 — R(ui) oc oj 1 / 2 ]. 
Inset: R(u>) at 7 and 300 K in the photon energy range of 2 meV 
- 30 eV. 



spectra were derived from the Kramers-Kronig analysis 
(KKA) of the R(u>) spectrum in the wide energy range 
up to 30 eV measured at the beam line 7B of UVSOR-II, 
Institute for Molecular Science, Okazaki, Japan. 18 Since 
R(lo) above 1.2 eV has no significant temperature depen- 
dence, the R(ui) above 1.2 eV at 300 K was extrapolated 
to the experimental R(u>) obtained at lower temperatures 
below 1.2 eV. In the energy ranges below 2 meV and 
above 30 eV, the spectra were extrapolated using the 
Hagen-Rubens function [R(lj) = 1 — (2lj/tt<7dc) 1 ^ 2 ] and 
R(u>) oc w~ 4 , respectively. 19 After constructing R(ui) in 
the energy region from zero to infinity, a KKA was per- 
formed to obtain the (t(u). 

The band structure calculation was performed using 
the full potential linearized augmented plane wave plus 
the local orbital (LAPW + lo) method including spin or- 
bit coupling implemented in the Wien2k code. 20 ZrZn2 
forms a C15 cubic Laves crystal structure (Fd — 3m, 
No. 227) with a lattice constant of 7.393 A. 8 The non- 
overlapping muffin-tin (MT) sphere radii values of 2.50 
and 2.45 Bohr radii were used for the Zr and Zn atoms in 
ZrZit2, respectively. The value of RMTK max (the small- 
est MT radius multiplied by the maximum k value in the 
expansion of plane waves in the basis set), which deter- 
mines the accuracy of the basis set used, was set to 7.0. 
The total number of Brillouin zones was sampled with 
4000 k points. 

3. Results and Discussion 

3.1 Temperature dependent reflectivity spectra 

The temperature dependence of the reflectivity spec- 
trum subtracted from unity [1 — R{oj)] is shown in Fig- 
ure 1. The inset is the normal reflectivity spectra [i2(o;)]. 
The reflectivity spectra indicated metallic characteris- 
tics at all temperatures with two significant shoulder and 
peak structures at 1 and 5 eV. These structures corre- 



spond to the interband transitions. 

The high R(oS) intensity below 0.5 eV at all temper- 
atures indicates that this material is a good metal. At 
300 K, the R(oj) curve at low energies obeys the Hagen- 
Rubens function [1 — R(iv) oc a; 1 / 2 ] as plotted in Fig- 
ure l 21 like a normal metal. At lower temperatures, R(u>) 
increases with decreasing temperature below 0.4 eV, de- 
parting from the Hagen-Rubens relationship. This indi- 
cates that the transport mechanism at lower tempera- 
tures changes from that at 300 K. Note that a spectral 
change at Tc does not appear above the lowest accessible 
photon energy of 2 meV even though the exchange split- 
ting is about 70 meV. 5 ' 22 The discrepancy indicates that 
the density of states (DOS) relating to the ferromagnetic 
ordering is small compared with the high DOS at Ef as 
shown in Fig. 2. This is consistent with the small ordered 
moment of 0.17 /ib in the ferromagnetic state. 

3.2 Comparison with Band Calculation 

The band structure of ZrZn2 23 and the calculated ct{lo) 
spectrum have previously been compared with the ex- 
perimental spectrum. 15 However, the measured energy 
range was very narrow. The o~(u>) spectrum was again 
calculated from the band structure calculation and com- 
pared with the experimental wide-range o~(uj) spectrum. 
The calculated DOS shown in Figure 2 is similar to that 
previously reported. 5,23 The important feature here is 
that the high DOS mainly consisting of the Zr id states 
is located at Ep as shown in the inset of Figure 2. 

To clarify the origin of the peaks of the experimental 
spectrum, the experimental a{u>) spectra are compared 
with the theoretical ones obtained from the band struc- 
ture calculation. The a(uj) spectra are derived from a 
function as follow in which direct interband transitions 
are assumed; 24 



cr(w) 
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\(n>k\e.p\nk)f „/y-/y 



UJ - UJnn'(k) + iT 
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Here, the \n'k) and \nk) states denote the unoccupied 
and occupied states, respectively, e and p are the po- 
larization of light and the momentum of the electron, 
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Fig. 3. (Color online) Experimental optical conductivity [<?(w)] 
spectrum at T = 300 K (dashed line) compared with the corre- 
sponding calculated one (solid line) for ZrZn2. The inset is an 
expansion of the low energy region, although the experimental 
spectrum was taken at 10 K. 



respectively, /(e ra g) is the Fermi-Dirac distribution func- 
tion, tkJ nn > = e ?i £ — e ?i ,£ is the energy difference of the 
unoccupied and occupied states and T is the lifetime pa- 
rameter. In the calculation, T = 1 meV was assumed. 

The experimental cr(uj) spectrum of ZrZn2 and the cor- 
responding calculated spectrum are shown in Figure 3. In 
both the experimental and calculated spectra, the large 
peaks due to the interband transitions were located at 1 
and 5 eV, as was seen in the R(uj) spectrum. The peak 
at 0.2 eV in the experimental <j(uj) spectrum was also 
reproduced by the calculation, as shown in the inset of 
Figure 3. These results indicate that the calculated <j(ui) 
spectrum is consistent with the experimental one. How- 
ever, the intensity of the calculated a(u>) spectrum is 
noted to be more than double the experimental one. The 
same tendency has been observed in other materials, 27 
although the reason for this is not clear at present. 

According to the calculated cf(uj) spectrum, the inter- 
band transition in the high DOS near E-p appears below 
fno = 0.4 eV, which energy corresponds to the width of 
the DOS. The R(uj) spectrum shows temperature depen- 
dence below 0.4 eV (see Figure 1) indicating a temper- 
ature dependent electronic structure of the large DOS 
near Ep. 

3.3 Extended Drude Analysis 

Figure 4 shows the cr(w) spectra that are derived from 
the R(uj) spectra shown in Figure 1 via the KKA at typ- 
ical temperatures and the corresponding direct current 
conductivity (<Jdc)- In Figure 4, all of the <t(lj) spectra 
increase below hw — 0.5 eV with decreasing photon en- 
ergy, indicating metallic Drude conductivity at all tem- 
peratures. Above 100 K, the <j(lu) spectrum at the lowest 
accessible photon energy (ftw = 2 meV) increases with 
decreasing temperature, and the extrapolation smoothly 
connects to the corresponding ape value. On the other 
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Fig. 4. (Color online) Temperature dependent optical conductiv- 
ity [cr(u)] spectra (lines) with corresponding direct current con- 
ductivity (<T£>c> arrows). 



hand, the spectral intensity at 10 K is lower than 
that at 100 K despite the fact that the R(uj) spectrum 
at 10 K is higher than that at 100 K, as shown in Fig- 
ure 1. In addition, the <jdc value is much higher than the 
a(oj) intensity at 2 meV. Both of these results and the 
spectral weight conservation rule indicate that a large 
but narrow Drude peak due to the existence of quasi- 
particles must appear below 2 meV as for other heavy 
fermion compounds. 13,25,26,29 

To clarify the photon energy and temperature depen- 
dences of the quasiparticles, an extended Drude analy- 
sis in terms of the effective mass (to*) and the scat- 
tering rate (1/r) was performed. The coherent part of 
the underlying strong electron-electron correlations were 
treated in an extended Drude model by renormalized and 
frequency (photon energy) dependent to*(w)/too and 
1/rM; 25, 26,28,29 



m*(to) 


N eff e 2 


• Im 




to 


mow 




1 




Re ^ 






too 


CT^)) 



Here, N e ff is the effective carrier density, e the elemen- 
tary charge, too the electron rest mass and ct{uj) the com- 
plex optical conductivity derived from the KKA of the 
R{w) spectrum. N e ff can be evaluated to be 8.0 x 10 21 
cm~ 3 through integration of the <j{oj) below the plasma 
edge of huj p — 0.4 eV, 



Neff = 



4to 
h 2 e 2 



a(huj)dhLU. 



The obtained to*(w)/too and 1/t(lo) are plotted in Fig- 
ure 5. 

Even at 300 K, to*(w)/to,o is not constant. The rea- 
son for this is that the interband transition appears at 
50 meV - 0.4 eV, as shown in the inset of Figure 3. 
This interband transition can not be subtracted from 
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Fig. 5. (Color online) Temperature dependence of (a) the effec- 
tive mass relative to the free electron mass, m*(u))/rriQ, and (b) 
the scattering rate 1/t(u)) as a function of the photon energy 
fajj derived from the extended Drude analysis. The spectra were 
smoothed by averaging in 50 data points (~ 3 meV) for clarity. 
The dashed lines in (b) emphasize 1/t(uj) oc tfcj and (fad) 1 ' 2 
behavior below and above 10 meV, respectively. 



the experimental <j(w) spectra because it creates a broad 
background. Below 50 meV, not only m*(w)/wo but also 
1/t(uj) are nearly constant as the R(uj) spectrum obeys 
the Hagen-Rubens function. The effective mass of 8.0mo 
at the lowest accessible energy of 2 meV at 300 K in- 
creases with decreasing temperature. At 10 K, m*(w) 
becomes 25mo at hw = 2 meV and 10mo at 10 meV. The 
mass enhancement factors (1 + A = m*{T)/m* (300 K)) 
at 2 and 10 meV are about 3 and 1.7, respectively. In 
the previous dHvA experiment, the cyclotron mass en- 
hancements of the quasiparticles were reported to be in 
the range of about 2 - 5. 5 Therefore, the optically ob- 
served m*(tij)/mo at the experimentally accessible low 
energy limit is consistent with that at Ep detected by 
the dHvA. 1/t(cj) is almost constant below 50 meV at 
high temperatures, as noted previously. At low tempera- 
tures, on the other hand, l/r(w) decreases with decreas- 
ing photon energy. Since 1/t(w) is the reciprocal relax- 
ation time, the relaxation time increases with decreasing 
temperature and with decreasing photon energy. This is 
direct evidence of the creation of quasiparticles at low 
temperatures. Since the DC conductivity at low tem- 
peratures varies as 1 — (T/T a ) m , with m — 5/3 in the 
present case, the temperature dependence when includ- 
ing a photon energy dependence for the scattering rate 



can be written in the form, 
1 1 T (T 



where w a and T a play the role of a cutoff frequency and 
temperature, respectively, and r is a constant. 29,30 At 
low temperatures, the electrical resistivity is proportional 
to T 5 / 3 near Tq, which indicates non- Fermi liquid behav- 
ior, and to T 2 at very low temperature. 1/t(u>) in Fig- 
ure 5 at 10 K is proportional to the square root of the 
photon energy above 10 meV and is linear with photon 
energy below 10 meV. Since the power law of the pho- 
ton energy of 1/t(w) increases with decreasing photon 
energy, it must be proportional to T 5 / 3 below the low- 
est accessible photon energy of 2 meV near Tq accord- 
ing to the same power law in T and w as shown in the 
above function. In the expectation from the SCR theory, 
1/t(u>) is almost constant below Hu) ~ K/t(0) and the hw- 
linear dependence should appear above ~ ft/w(0). 31,32 
The fej-linear dependence in the experimental photon 
energy range is consistent with the theoretical expecta- 
tion. 

As discussed above, ZrZn2 exhibits an increase in the 
effective mass and a rapid decrease in the scattering 
rate below 10 meV. The photon energy of 10 meV can 
be regarded as the representative photon energy of the 
heavy quasiparticles, hw*. Based on the o{w) of two- 
dimensional antiferromagnetic high-T c cuprates calcu- 
lated using the SCR theory, the mass enhancement and 
the reduction of the scattering rate appear in the photon 
energy range below the photon energy equal to 0.1 times 
the typical temperature, To, of the spin fluctuation spec- 
trum. 32 Therefore, hw* should equal about 0.1 xTo in the 
two-dimensional antiferromagnetic case. If the same logic 
can be attributed to a three-dimensional ferromagnetic 
material of ZrZn2, hw* must be about 11 meV (139 K) 
because of T = 1390 K based on the SCR theory. 33 This 
value is consistent with hw* of ZrZn2. However, since it 
is not clear that the same logic can be attributed or not, 
the further theoretical investigation of the cr(w) spectra 
of three-dimensional ferromagnetic spin fluctuation ma- 
terials is needed. 

A few other transition metal compounds with spin 
fluctuations, MnSi, 34 Sr 2 Ru0 4 , 35 and SrFe 4 Sbi 2 , 36 also 
show evidence of heavy quasiparticles in the cr(u>) spec- 
tra. Since these materials are located near the QCP, the 
magnetic instability is believed to affect the transport 
properties. This relates to the continuity of the Fermi 
surface at the QCP that is a topic in the heavy fermion 
physics of /-electron compounds. 7 If the SCR theory, 
which is based on band theory, can explain the physical 
properties not only of the transition metal compounds 
but also of the heavy fermion compounds at the QCP, 
the continuity of the Fermi surface at the QCP can be ex- 
plained. 7 From this the physical properties including the 
above transition metals and heavy fermion compounds 
can be generally understood. 

4. Conclusion 

In conclusion, the temperature dependence of the op- 
tical conductivity spectra of ZrZn 2 were ascertained in 
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the wide photon energy range of 2 meV - 30 eV and 
compared with band structure calculations. The experi- 
mentally obtained spectra could be explained by the cor- 
responding spectra derived from the band structure cal- 
culation. At energies lower than 0.4 eV, a renormalized 
Drude peak with a heavy effective mass due to the spin 
fluctuations appeared at lower temperatures. The effec- 
tive mass rapidly increased with decreasing temperature 
and decreasing photon energy below the representative 
photon energy hbj* of 10 meV. At 10 K, the effective mass 
reached a value about three times heavier than that at 
300 K, which is consistent with the previous de Haas- van 
Alphcn experiment. The scattering rate, 1/r, was also 
suppressed with decreasing temperature and decreasing 
photon energy. 1/r at 2 meV was linear with the photon 
energy below 10 meV. The linear-w dependence is consis- 
tent with the SCR theoretical expectation. This indicates 
that the optically observed heavy quasiparticles originate 
from the spin fluctuations. To our knowledge, this is the 
first optical observation of heavy quasiparticles due to 
spin fluctuations in weak itinerant ferromagnetic mate- 
rials. 
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